Egg production rates (EPRs) for freshly caught female Calanus finmarchicus increase with increasing in situ chlorophyll concentration to upper limits, but with considerable scatter for individual points around fitted curves. Here, using time course experiments, we investigated whether females exhibit synchronous diel egg-laying behaviour, leading to variations in measured EPRs for different experimental start times. Also, we compared 24 h EPRs from these experiments with results obtained using two other standard 24 h incubation methods. We found (i) female C. finmarchicus from the Labrador Sea did not exhibit diel egg-laying behaviour in spring, (ii) egg-laying was sometimes more frequent during the first 6 h of incubation than thereafter and (iii) standard 24 h incubations underestimated EPRs in 20-36% of experiments due to egg loss. Using results from this and a previous study Head et al. [(2013a) Characteristics of egg production of the planktonic copepod, Calanus finmarchicus, in the Labrador Sea: 1997-2010. J. Plankton Res. 35, 281-298] we developed a new expression relating in situ EPRs to chlorophyll concentration, temperature, female size and season. Season is represented by empirically derived coefficients, which vary regionally reflecting differences in spring bloom dynamics. For 100 experimental stations predicted and measured EPRs were highly correlated (r 2 = 0.56, P < 0.001). Additional sources of variability are discussed and recommendations are made regarding EPR measurement methods.
(e.g. GLOBEC, TASC and BASIN in the US, Canada, Norway, the UK, Denmark, France and Germany). One objective of these programs has been the development of population dynamics models for C. finmarchicus that can provide insight into the potential effects of climate change on its future productivity, abundance and distribution. Reproduction is one of the critical processes affecting population dynamics and in order to model it we need to identify and understand the factors that determine C. finmarchicus egg production rates (EPRs).
Egg production by C. finmarchicus females occurs in spawning bouts, which occur at intervals of less than one day to a few days (Marshall and Orr, 1952; Hirche, 1996) . Although there is evidence of diel spawning periodicity in the sea (Runge, 1987; Runge and de Lafontaine, 1996) , freshly collected females incubated in vitro have shown inconsistent behaviour (Marshall and Orr, 1952; Runge and Plourde, 1996) . Because of the potential for diel egg-laying periodicity, however, and because female Calanus spp. incubated for 24 h following capture lay the same number of eggs whether or not they are fed (Plourde and Runge, 1993; Laabir et al., 1995) , in situ EPRs are generally measured by incubating 20-30 freshly caught females individually for 24 h in screened or filtered seawater. The recommended experimental procedure (Runge and Roff, 2000) is to check for eggs every 8 h for accurate estimation of "clutch size" (CS), but since this is labour intensive, eggs are generally only counted at the end of the incubation, with these 24 h counts taken to be the CSs. The proportion of experimental females that lay eggs over 24 h is termed the spawning frequency, or spawning fraction (SF), with females that spawn more than once being counted only once. The daily EPR is the total number of eggs laid in 24 h, divided by the total number of females incubated. To avoid ambiguity in terminology, below we use the terms daily clutch size (DCS) and daily spawning frequency (DSF), instead of CS and SF, to refer to measurements resulting from 24 h of incubation (Table I) .
In a recent pan-Atlantic synthesis, measurements of in situ EPRs were compared for C. finmarchicus populations from 12 regions across the North Atlantic (Melle et al., 2014) . EPRs generally increased with increasing in situ chlorophyll concentration, with a high degree of scatter about fitted functions. Female size affects EPRs, with maximum attainable DCS increasing with increasing female prosome length (PL, Jónasdóttir et al., 2005) . In addition, EPR and DSF increase with increasing temperature when females are pre-fed at saturating levels and incubated at different temperatures in vitro (Hirche et al., 1997) . Relationships between EPR and DSF and in situ temperature are more complex, however, since temperature differences over broad geographical areas may be associated with different water masses containing females with different temperature and feeding histories (Gislason, 2005; Head et al., 2013a) . On the other hand, seasonal temperature differences for populations within geographically isolated areas may be accompanied by differences in available food types (Ohman and Runge, 1994; Niehoff et al., 1999) or female fecundity (Diel and Tande, 1992) . In the pan-North Atlantic synthesis, when only spring data were included and when the effect of food (chlorophyll concentration) was accounted for, EPRs were related to in situ temperature in only 4 out of 12 regions: in one case negatively (Melle et al., 2014) . Thus, EPRs cannot generally be explained in terms of simple environmental variables (e.g. food concentration and temperature); other factors (e.g. food quality and female size, environmental history and age) must be included.
Another cause of variability could be that the experimental procedures introduce bias. One potential source of error is cannibalism, i.e. females eating their own eggs (Bonnet et al., 2004) , although the experimental chambers used are supposed to minimize this. In the western North Atlantic females are generally incubated individually in Petri dishes of 6-10 cm diameter containing~45-50 ml of seawater. In these, eggs fall rapidly to the bottom where they cannot be entrained in the females' feeding currents (Runge and Roff, 2000; Plourde and Joly, 2008) . In the central and eastern North Atlantic females are often incubated individually in cylinders containing~400-600 ml of seawater, with meshes across the bottom, which are either suspended in beakers (Hirche, 1990) or have funnels and tubing fitted below the mesh, the latter which are clamped off to seal the chambers (Gislason and Astthorsson, 2000) . In these "cylinder-with-mesh" chambers, eggs fall through the mesh, separating them from the females. In Melle et al. (2014) it was noted that small clutches (≤5 eggs) were less common in studies in western regions than in central and eastern regions (2% versus 13-30%), suggesting that rates of cannibalism, or some other egg loss process, might be lower in Petri dishes than in the other chambers. Since variability in measured EPRs is ubiquitous, however, some egg loss might be occurring with all methods. As well, if egg-laying within a given population occurs at a particular time of day and experiments are started at different times of day, then eggs may be subject to loss processes for varying lengths of time.
The objective of this study was to examine factors that affect Calanus finmarchicus EPRs and to investigate potential sources of error in experimental measurements, with the overall aim of improving our ability to predict EPRs in population dynamics models and hence to project the fate of C. finmarchicus under future climate change scenarios. Initially we used time course incubation experiments to investigate whether female C. finmarchicus from the Labrador Sea exhibit synchronous diel egg-laying and whether experimental start time has any effect on measured EPRs. Next, we compared EPRs from these time course incubations with rates measured using two standard 24 h incubation methods (Petri dishes and "cylinder-with-mesh" chambers). Finally, we considered other factors that might contribute to variability in EPR measurements and, using results presented here and a larger dataset reported elsewhere (Head et al., 2013a) , we developed an empiricallybased expression that describes EPRs as a function of in situ food concentration and temperature, season (bloom stage) and female size. Although developed for the Labrador Sea, our model may prove applicable elsewhere, improving our ability to predict EPRs and contributing to our overall goals.
M E T H O D Collection of C. finmarchicus females
Zooplankton were collected in vertical ring net tows between 100 m and the surface using a 200 μm mesh at stations along the AR7W section between Hamilton Bank (Labrador Shelf) and Cape Desolation (Southwest Greenland) or at stations farther south (Fig. 1 , Table II) . Undamaged female C. finmarchicus were picked from tows using a wide-mouthed Pasteur pipette for use in egg production experiments, which were set up within 2 h of capture. Measurements of EPRs for C. finmarchicus females Method A: 24 h egg production experiments in Petri dishes
As described previously (Head et al., 2013a) , 20-30 females were pipetted into Petri dishes (1 per dish) containing~50 ml screened (30 μm) or filtered seawater. These were placed in a laboratory incubator at a temperature close to the near-surface in situ temperature in the dark. After 24 h, females were removed, their prosome lengths (PLs) were measured and eggs were counted.
Method B: 4 × 6 h time course egg production experiments in Petri dishes
As above, 20-30 females were pipetted into Petri dishes containing screened or filtered seawater and placed in the laboratory incubator in the dark. After 6 h, all Petri dishes were examined, females that had laid eggs were transferred to new Petri dishes containing fresh seawater and eggs were counted. This procedure was repeated two more times, with a fourth 6 h period completing 24 h of incubation, after which females were removed, their PLs were measured and eggs laid during the final 6 h were counted.
Method C: 24 h egg production experiments in "cylinderwith-mesh" chambers
One female was placed into each of 20 Plexiglass cylinders (65 mm diameter × 180 mm height), fitted with 330 μm meshes and funnels on the bottom, containing 450 ml of seawater. Tygon tubing attached to the funnels was clamped off sealing the chambers, which were held vertically in a plastic box, through which surface seawater was pumped to maintain near-surface temperature. Following 24 h of incubation in the dark, seawater and eggs were drained through the tubing onto 20 μm meshes, until the females were left in~2 cm of water above the 330 μm meshes. The 20 μm meshes were gently back-washed into Petri dishes for eggcounting, and the females were poured into a separate set of Petri dishes for subsequent processing as above.
Collection of environmental data
Hydrographic profiles and water samples were collected using a CTD probe and Niskin bottles attached to the CTD rosette at all experimental stations. Chlorophyll concentrations were determined as described previously (Head et al., 2000) .
Definition of terms
In this paper DCS is the number of eggs laid by an individual female during a 24 h period for all three methods, so that it is the accumulated number of eggs laid by an individual female over all four 6 h incubation periods of a Method B experiment (Table I) . For Method B the number of eggs laid by a female within a 6 h period is termed the true clutch size (TCS). Average DCSs and TCSs were calculated omitting values ≤5, which are not considered to be true clutches (Melle et al., 2014) . DSF is the proportion (or fraction) of females that lay a clutch of eggs over a 24 h period for all three methods, with females that laid more than once during Method B incubations being counted only once. Similarly, spawning frequencies were calculated for each 6 h incubation period (6HSF) for Method B experiments, with females that spawned more than once contributing to the 6HSFs for more than onetime period. Daily EPRs were calculated by summing all eggs laid by all experimental females over 24 h (including TCSs and DCSs of ≤5 eggs) and by dividing by the total number of females incubated. For Method B experiments, hourly egg production rates (HEPRs) were calculated in a similar way for each 6 h period.
R E S U L T S Environmental conditions
Near-surface in situ temperatures ranged between −1.38°C and 6.1°C and were lowest on the shelves (Labrador Shelf, LSh; Newfoundland Shelf, NSh; Greenland Shelf, GSh), highest in the central basin (Central Labrador Sea, CLS; Southwest Labrador Sea, SWLS) and intermediate in the Labrador Slope (LSl) and Eastern Labrador Sea (ELS) regions (Table II, 
Diel egg-laying behaviour and variations in 6HSF and TCS during time course experiments (Method B)
Time course (Method B) egg production experiments were carried out at all thirty stations (Table II) . HEPRs ranged between 0 and 6.3 eggs f −1 h −1 (Fig. 3) . Proportions of females laying in the 6 h intervals (6HSFs) were between 0 and 60% (6 h) −1 and TCSs, averaged over all females spawning > 5 eggs within any one 6 h period, were between 25 and 112 eggs. The HEPRs showed no indication of synchrony in egg-laying and the same was true for the 6HSFs and TCSs (not shown).
The 6HSF data were examined to see whether capture stress and manipulation during experimental set-up were inducing spawning, thereby masking diel egglaying patterns. Each experiment gives only one 6HSF Table II ).
for each 6 h incubation period. Thus, for this analysis 6HSFs were averaged combining data (i) from all experiments and all years, (ii) from all experiments within years, (iii) from experiments started at more-or-less the same time of day (morning 06.00-12.00, afternoon 12.00-18.00, evening 18.00-00.00) for all years and (iv) from experiments started within the same 6 h period within years. Average values were arcsine transformed for statistical analysis (ANOVA, post hoc Scheffe [Scheffé's F procedure was used post hoc because it compares more than two means at a time and gives results that are robust and also conservative (Sokal and Rohlf, 1995) ]), which revealed that for data combination (i) the average 6HSF was higher during the first incubation period than thereafter (Fig. 4) . For combinations (ii) and (iii), average 6HSFs were highest during the first incubation period, but not always statistically so. As well, for combination (iii) average 6HSFs during the first 6 h period were indistinguishable among start times, while for combination (iv) average 6HSFs during the first 6 h were the same for experiments started in the morning and afternoon in 2010 and 2014, with data insufficient to make any such determinations in 2012 and 2013. Thus, overall, spawning was sometimes more frequent during the first 6 h of incubation than thereafter but experimental start time had no discernible effect. Average TCSs were calculated for individual incubation periods within experiments and statistical differences were determined when ≥3 females each laid >5 eggs. There were significant differences (ANOVA, post hoc Scheffe) between at least two incubation periods at a few stations (2 in 2010, 6 in 2012), but no consistent trends over time.
Multiple-spawning behaviour by females in time course (Method B) experiments
There were 39 females that laid >5 eggs during more than one 6 h incubation period in 13 of the 30 time course (Method B) experiments, with multiple-spawners more common in 2010 and 2012 than in 2013 and 2014 (Table III, Fig. 5 ). The highest proportions of multiplespawners were at AR7W-22 (June, 2012) and AR7W-23 (May, 2010) , where temperatures were high (≥5°C) and chlorophyll concentrations, relatively low (~56 mg m −2 ) (c.f. Tables II and III, Fig. 5 ). Otherwise, there was at least one multiple-spawner at every station where the temperature was ≥4°C, and there were a few at four stations where temperatures were ≤3.5°C. Chlorophyll concentrations were often <100 mg m −2 at the warmer stations and always >100 mg m −2 at the colder stations. Most multiple-spawners (37 out of 39) had two spawning bouts (two-time spawners), but in 2010 two females had three (three-time spawners). In 2010, clutches for 20 out of 24 clutches produced by the twotime spawners had >60 eggs and TCSs averaged over all experiments were indistinguishable (ANOVA) among incubation periods, ranging between 71 ± 33 eggs (fourth 6 h period) and 95 ± 18 eggs (third 6 h period). In 2012, only 6 out of 44 clutches produced by the twotime spawners had >60 eggs, and the TCS averaged over all experiments was significantly larger for the final 6 h incubation period than for the first (77 ± 27 eggs versus 37 ± 22 eggs, ANOVA, post hoc Scheffe, P < 0.005), with both indistinguishable from the TCSs for the two middle incubation periods. In 2013 and 2014, the first clutch was larger than the second for all 3 twotime spawners, with the 6 TCSs ranging between 9 and 111 eggs. The three-time spawners in 2010 were from AR7W-18 and AR7W-23 and both laid ≥53 eggs during the first, third and fourth 6 h periods.
TCSs for one-time and two-time spawners, averaged over all experiments within years, were indistinguishable, but larger in 2010 than in 2012 (ANOVA, post hoc Scheffe, P < 0.001, Fig. 6 ). As well, the average accumulated DCS for two-time spawners was significantly larger in 2010 than in 2012 (ANOVA, post hoc Scheffe, P < 0.001), and both were double the TCS values. Results in 2013 and 2014 were somewhat similar, although the low numbers of multiple-spawners precluded statistical analysis. NSh 1 and NSh 2 in 2014, however, Method C DSFs were close to double those for Methods A and B. In both experiments the average incubation temperature for Method C was >3°C higher than for Methods A and B (Table II) . This was because temperature was maintained by immersing the chambers in running surface seawater, which changed as the ship moved from shelf (cold) to offshore (warm) waters during the incubation period. In 2013 there was a similar temperature change for Method C at AR7W-08, but here DSFs were similar for Methods A and C and lower for Method B: an inconsistency that cannot be explained. Daily EPRs showed a pattern among methods and across stations similar to the one displayed by the DSFs, since DCSs were less variable than DSFs (Fig. 7) . The relationship between the 30 Method B accumulated 24 h EPRs and in situ 0-30 m integrated chlorophyll concentration could be described by an Ivlev function, with an upper limit of 51.1 eggs f −1 d −1 (Fig. 8) . The residuals (i.e. differences between measured EPRs and those predicted by the fitted Ivlev function)
were positively correlated with in situ temperature and average female PL.
D I S C U S S I O N The Labrador Sea environment
The grouping of stations along the AR7W section into five regions reflects regional differences in hydrography, phytoplankton (spring bloom) dynamics and zooplankton community composition (Head et al., 2003 (Head et al., , 2013b Harrison et al., 2013) . The low temperatures at LSh and GSh stations result from the inflow of Arctic water from the north and south, respectively ( Fig. 1 . Standard deviations for average DCSs are not shown (for clarity), but significant differences among methods at individual stations are denoted by a and b. Grey stars indicate experiments for which average incubation temperatures were >3°C higher for Method C than for Methods A and B.
that spring blooms generally start in mid-April in the ELS and GSh regions, with relatively short intense peaks in mid-to late May (Harrison et al., 2013; Head et al., 2013b) . By contrast, blooms generally start in late May in the CLS, with broad less intense peaks that extend into early July. Spring blooms on the LSh start as the ice recedes northward, typically in May, while individual stations in the LSl region may display LSh or CLS-like bloom characteristics. Our observations of in situ chlorophyll concentration were broadly consistent with these patterns (Table II, Fig. 2 ).
Diel egg-laying and multiple spawning in time course (Method B) experiments C. finmarchicus females from the Labrador Sea showed no sign of synchronous diel egg-laying in May or June (Fig. 3) and 6HSFs during the first 6 h of incubation were the same for experiments started in the morning, afternoon or evening (Fig. 4) . Elsewhere, in experiments similar to ours, Calanus pacificus from Puget Sound did show synchronous egg-laying in April-May (Runge, 1985) , but reports for C. finmarchicus have been contradictory. Female C. finmarchicus from the Firth of Clyde (Marshall and Orr, 1952) and the Lower St Laurence Estuary (Runge and Plourde, 1996) laid eggs mainly at night or in the early morning in mid-March and late June, respectively. On the other hand, the same authors found that 6 weeks or only one day later, respectively, the signal was absent or weak. Marshall and Orr (1952) suggested that the difference might have been because the May females came from that year's rather than the overwintered generation found in March, whereas Runge and Plourde (1996) suggested that experimental manipulation might induce spawning in ripe females, so that they lay eggs at abnormal times of day. In the Labrador Sea in May and June C. finmarchicus females are certainly from the overwintered generation (Melle et al., 2014 , Appendix A) and so, according to Marshall and Orr (1952) , should have exhibited diel egg-laying, which they did not. On the other hand, 6HSFs averaged over all experiments, or sub-sets thereof, were sometimes higher during the first incubation period than thereafter (Fig. 4) , supporting the idea that capture and experimental manipulation may stimulate spawning. Marshall and Orr (1952) reported that up to 31% of freshly caught C. finmarchicus females, incubated without food, spawned 2 or 3 times during a 24 h period in May when in situ food was plentiful, with only 2% doing so in March when it was scarce. As well, Hirche et al. (1997) found that for females fed in the laboratory at saturating food levels, intervals between spawning bouts decreased with increasing temperature, with females spawning less than (more than) once per day below (above) about 4.5°C. Thus, multiple-spawning bouts are expected at high food levels and high temperatures. Our observations were only partially consistent with these ideas, since we found multiple-spawners at all stations where temperatures were ≥4°C, but often at relatively low chlorophyll concentrations, and we also found some multiple-layers at stations where temperatures were ≤3.5°C, but only when chlorophyll concentrations were high (>100 mg m
−2
).
Predicted maximum 24 h clutch size (DCS max ) and observed TCSs versus female size in time course (Method B) experiments
Based on observations throughout the North Atlantic Jónasdóttir et al. (2005) proposed that the maximum attainable 24 h clutch size (CS max in their terminology, DCS max in ours) varies with female prosome length (PL) according to the expression, DCS max = 89.7PL -117. In our experiments 19 out of 488 egg-laying females had DCS values within 10% of, or higher than DCS max values predicted from measured PLs using the Jónasdóttir et al. (2005) relationship. There were 17 twotime spawners and 2 three-time spawners. For the 17 two-time spawners, the relationship between accumulated DCS and PL from our data was DCS = 92.8PL − 112 (r 2 = 0.30, P < 0.05), similar to that of Jónasdóttir et al. (2005) indicating that the DCS max values given by the Jónasdóttir et al. (2005) expression result from two spawning bouts. In 2010 the average accumulated DCS for all two-time spawners was 2.4% larger than the DCS max value predicted by the Jónasdóttir et al. (2005) expression, while in 2012 it was 25% lower. This is somewhat surprising, since in situ chlorophyll concentrations were generally higher in 2012 than in 2010 (Fig. 5) . For both three-time spawners in 2010 DCSs were ≥80% larger than predicted DCS max values. Jónasdóttir et al. (2005) also show a few DCSs well above their fitted DCS max versus PL line suggesting that there, as here, three-time spawners were relatively rare, compared with two-time spawners.
Comparison of DCS measurements from Method A, B and C incubations
In May 2010, when only Method B was used, 24 h accumulated DCSs were remarkably high at some stations (Fig. 7) , which we thought might have been related to the change in methodology. Thus, in June 2012 we carried out incubations in parallel using Method A, our previously standard method (Head et al., 2013a) , and Method B. In three of four experiments, average DCSs were significantly higher (Students t-test, P < 0.05) for Method B than for Method A (Fig. 7) . One interpretation could be that more eggs are laid with Method B due to the increased experimental manipulation (i.e. transfer of the females from one Petri dish to another following a spawning bout). This interpretation is rejected, however, because, as noted above, in 2010 and 2012 DCSs for Method B two-time spawners were similar to or lower than the DCS max values predicted by the Jónasdóttir et al. (2005) relationship: a relationship derived from 24 h incubations. Thus, we concluded that eggs were being lost during the 24 h Method A incubations.
In 2013 and 2014, the loan of an apparatus by Astthor Gislason (MRI, Reykjavik, Iceland) allowed us to make the first direct comparison of results from experimental methods commonly used in the Northwest (Method A) and Northeast (Method C) Atlantic, and with results from our Method B. Unfortunately, cruise dates in 2013 and 2014 were earlier than in previous years, so that females at most stations had not reached their full egg-laying capacity and EPRs were generally low. Nevertheless, Method B DCS values were always the highest and egg loss was more frequent with Method C than with Method A (36% versus 21% of experiments).
Cannibalistic consumption by females might be expected with Method C during rough weather, when ships' motions could cause turbulence in the chambers and retard the sinking of eggs (Runge and Roff, 2000) , but only one incubation with a low Method C CS was during especially stormy conditions (Fig. 7, AR7W -14.5, 2014) . Eggs might also be lost with Method C, if some are damaged during sieving and back-washing prior to counting, or due to physical abrasion as they sink through the 330 μm mesh, and if damaged eggs disintegrate. Such processes might be exacerbated in rough weather but, as well, some eggs may be more "fragile" than others. This latter suggestion is based on observations made in 2013 and 2014 when eggs, collected and counted after the first 6 h of Method B incubations, were kept until the end of each experiment (i.e. for an additional 18 h) and then re-counted. In 2013, at the three stations where Method C gave smaller DCSs than Method B (Fig. 7) , these re-counts were more than 20% lower than the original 6 h counts for the eggs laid during the first 6 h for 6 of 9 females (AR7W-07), for 1 of 4 (AR7W-08) and for 4 of 7 (AR7W-20). In 2014, however, for stations where DCSs were lower with Method C than with Method B (AR7W-14.5) or Method A (AR7W-20) only two females spawned during the first 6 h during each experiment and in each case the recounts at 24 h were similar to the original counts. Nevertheless, this type of egg loss could be a source of variability in DCS and EPR measurements, firstly because proportions of fragile eggs being laid may vary, and secondly because fragile eggs may or may not be counted, depending on when they are laid and how rapidly they disintegrate.
Overall, based on our methods comparison we conclude that Method B is the best method: (i) because it gives accumulated 24 h DCSs that are always as high as or higher than those with the other methods (fewer eggs are lost before being counted), (ii) because it allows investigation of egg loss processes, (iii) because it enables observation of synchronous diel egg-laying behaviour, should it be occurring and (iv) because it gives greater understanding of the egg production process (e.g. numbers of multiple-spawners, TCS versus DCS, etc.) . On the other hand, the degree of scatter for measured EPRs around the Method B fitted Ivlev function was similar for all three methods, although Method C values were generally below the line, if the two experiments with artificially high incubation temperatures are excluded (Fig. 9) . Thus, it appears that much of the scatter is probably not experimentally induced, leading us to explore other factors in more detail.
Effects of food concentration, temperature and female size on EPRs
EPRs are clearly related to food concentration and in our experiments increasing temperature and female size both also had positive effects (Fig. 8) . Below, based on our improved understanding of the egg production process below we develop an empirical expression that includes the combined effects of all three variables.
First, we consider the expression that applies to 24 h incubation experiments and contrast it with an analogous expression that applies to our time course experiments
In the 24 h formulation, DSF cannot exceed 100% d
and individual DCS values may contain eggs from more than one spawning bout, especially at high temperatures and/or high food concentrations. In the time course experiments, by contrast, TSFs can exceed 100% d −1 and TCSs represent true values for individual clutches.
Next, we assume that at saturating food concentrations, where EPR reaches its upper limit (EPR max ), TCS and TSF also have their maximum attainable values, so that
We have already deduced that the Jónasdóttir et al. (2005) expression can be used to predict DCS max and that DCS max = 2 × TCS max . In addition, using data presented in Table II of Hirche et al. (1997) , for female C. finmarchicus fed at saturating food levels at temperatures between −1.5°C and 8°C (covering the range observed in our study), we found a linear relationship between TSF max (the inverse of spawning interval) and temperature (T), such that This simple linear relationship may not hold at higher temperatures , but in our study area, for groups of females feeding at saturating levels it seems reasonable to expect that
In the current study chlorophyll concentrations were >100 mg m −2 , giving EPRs within 1% of the upper limit of the fitted Ivlev curve, at eleven stations (Table II, Fig. 8 ). At these stations, temperatures were mostly <4.5°C, so that most females spawned only once and DCS = TCS and DSF = TSF. All three methods gave DCS values that were generally similar to or lower than predicted TCS max values, with a median TCS/TCS max of 0.93 (Fig. 10) . By contrast, measured DSFs were generally higher than the TSF max values predicted by the Hirche et al. (1997) relationship, with a median DSF/ TSF max of 1.41. Because of this apparent underestimation of TSF max , measured EPRs (MEPRs) were also generally higher than estimated EPR max values, with a median MEPR/EPR max ratio of 1.22.
One explanation for the underestimation of TSF max values might be that the Thalassiosira antarctica culture that Hirche et al. (1997) fed to their females was a sub-optimal food source. Thus, even though ingestion rates might have been saturated, assimilation rates and spawning frequencies might not. Also, they conducted their experiments in Atlantic waters in the Northern Norwegian Sea in July, after the main reproductive period for C. finmarchicus (Dale et al., 2001) , when females might have been exhibiting sub-maximal reproductive rates (Diel and Tande, 1992) . Alternatively, both effects could have been acting together. Our experiments were performed with females pre-fed on natural food at high concentrations in MayJune close to the main reproductive period. Thus, better food quality and/or greater female maturity might have given the higher TSF max values. If changes in diet and/ or female maturity do influence TSF max , then variability is to be expected when measurements from different regions and/or times of year are combined. Below we consider a way to include these effects to improve our predictive expression for EPRs for female C. finmarchicus in the Labrador Sea.
Accounting for seasonal changes in diet and maturity in female C. finmarchicus populations in the Labrador Sea Seasonal changes in reproductive activity in female C. finmarchicus are generally linked to spring bloom dynamics, and so are changes in food composition, as large phytoplankton forms (e.g. diatoms, Phaeocystis) are replaced by smaller forms (e.g. flagellates) and other food types (e.g. microzooplankton). Since the timing and duration of the spring bloom vary among regions along the AR7W section, the dietary composition and maturity of C. finmarchicus females should also vary regionally and temporally. In order to assess the combined effects of these seasonal changes on EPRs, we used data from the current and a previous study (Head et al., 2013a) , the latter allowing us to increase our regional and seasonal coverage. In that study EPRs were measured using Method A. Thus, for consistency, and to avoid bias by including more than one measurement at each station, for the current dataset, if Method A was used, we included only results from that method and, if Method A was not used, we included Method B results.
For this analysis, we initially applied the following expression to calculate "predicted" EPRs (i.e. PEPRs). Here, we assume that EPR max is related to chlorophyll concentration according to the Ivlev relationship derived by Head et al. (2013a) . To estimate EPR max , TCS max can be predicted from female PL, but TSF max apparently depends not only on temperature, but also on female dietary composition and/or maturity. The combined effects of these are manifested in the ratio of measured egg production rate (MEPR) divided by predicted egg production rate (PEPR). We term this ratio the "Seasonality Coefficient" (SC), since we expect it to change over the course of the season. Below, we test the hypothesis that SCs vary among regions and with sampling date according to the regional differences in spring bloom dynamics. Our underlying assumption is that SCs reflect the climatological feeding and temperature histories of female C. finmarchicus, which are broadly similar from year-to-year within regions, with the effects of ambient food or temperature conditions superimposed. If our hypothesis is correct, SCs should be similar for experiments performed within a given region and half-month period. In the following analysis, we only include data from stations on the AR7W section (Fig. 1) , since the spring bloom dynamics at stations farther south are somewhat different.
Results from 100 experiments were included, with varying coverage per region/half-month combination (Fig. 11) . Only one experiment was performed on the GSh (2012, AR7W-28) , and these results were included with the ELS, because the spring bloom dynamics are similar (Yashayaev et al., 2015) . SCs were between 0.12 and 1.70, with seven "outliers" (five > 2, one of 1.95 and one of 0). It should be noted here that SC values are actually "relative" values, with values >1 indicating females are better fed and/or more reproductively mature than the females used in the Hirche et al. (1997) experiments and values <1 indicating the opposite. Median SCs, derived excluding the outliers, varied over time within regions in ways that did seem to reflect the 1998-2014 climatological spring bloom dynamics in areas representative of the study regions, as we discuss in more detail below (Fig. 12) . The region with the best seasonal coverage is the CSL. Here, the median SC was low in early May, as or before the bloom starts (Fig. 12) , when females are probably immature and may be allocating some ingested food to somatic tissue (Møller et al., 2016) . The median SC increased in late May, when the bloom generally reaches peak values and well-fed females attain full maturity. Thereafter, median SCs decreased slightly, but stayed relatively high during June and early July, as the bloom continues. In late July, as the bloom begins to wane, the median SC decreased quite dramatically and at this time reduced food quality and/or female senescence may be responsible. Overall, despite variability in SCs at individual stations, values were relatively homogeneous within half-months, except in early July (Fig. 11) . The greater variability in early July is, we suggest, because it is a transition period between midbloom (June) and late/post-bloom (late July) conditions, with food quality and/or female fecundity at varying stages of this transition at individual stations.
The LSh satellite box (Fig. 1) represents the bloom dynamics for both the LSh and LSl regions, so that SC dynamics were similar (Fig. 12) . Here, compared with the CLS, the bloom starts and ends earlier and is more intense and the dominant diatom species are different (Fragoso et al., 2016) . There was one station occupation in early May (AR7W-06, 2014), but the SC value (>2) was judged to be unreliable, due to the low in situ chlorophyll concentration (Table II) and very low MEPR and PEPR values. Median SCs were higher than in the CLS during the bloom (late May-early June), perhaps because of the difference in food composition (i.e. "better" on the shelf). Median SCs decreased in early July rather than in late July in the CLS, consistent with the difference in bloom timing.
The ELS has the earliest and most intense spring bloom, and here the SC was relatively high at the one station occupied in early May (Fig. 12) . In late May, at the bloom peak, the median SC was still relatively high, but SCs at individual stations were broadly distributed and included one zero-value (AR7W-23, 2006), where no females laid any eggs. Thus, SCs in late May in the ELS showed heterogeneity akin to that seen in the CLS in early July, consistent with the difference in bloom timing. After the bloom peak in early June and July, SCs were below those in the other regions.
Over the entire dataset PEPRs calculated using Equation (5) were well correlated with MEPRs even without adjusting for seasonality (Fig. 13) , although considerably more of the variance was explained when the PEPR values were multiplied by the appropriate regional and half-monthly median SCs to give SPEPRs (Seasonally adjusted Predicted EPRs), thus The relationship between MEPR and SPEPR still has a high degree of scatter about the fitted line, however, probably because while the median regional SCs reflect the climatological seasonal dynamics, there is variability at individual stations, due to differences in ambient Fig. 12 . SCs for female C. finmarchicus in four regions of the AR7W section between early May and late July (black lines and symbols). Seasurface chlorophyll concentrations measured by SeaWiFS (1998 SeaWiFS ( -2007 and MODIS (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) ocean-colour satellites averaged by halfmonth between 1998 and 2014 over the rectangular boxes shown in Fig. 1 (grey lines) . Satellite data were processed using standardized protocols (Caverhill et al., 2016a,b) and provided by the BIO Remote Sensing Unit.
(e.g. food quality, female fecundity) and/or past (e.g. feeding and temperature history) conditions. Plots of SPEPRs and MEPRs versus in situ chlorophyll concentration show similar patterns within regions, but differ among regions (Fig. 14) . For example, for the LSh stations SEPRs and MEPRs were relatively low at high chlorophyll concentrations, because temperatures were low (Table II) : this was also true for the one GSh station (shown in the ELS plot). In addition, MEPRs and SEPRs were lower at high chlorophyll concentrations in the ELS than in the CLS, because experiments were in late May or early June, towards the end of the bloom in the ELS (low SCs), but during the bloom in the CLS (high SCs). Combining data from all regions and all half-months gives similar patterns for plots of SPEPRs and MEPRs versus in situ chlorophyll concentration. Both show scatter that is typical of this type of plot in most field studies (Melle et al., 2014) : scatter which is now at least partially explained.
We suggest that our model relating C. finmarchicus EPRs to in situ temperature and chlorophyll concentration and female size and seasonality is an improvement, conceptually and mathematically, over models such as a simple Ivlev function (Head et al., 2013a; Melle et al., 2014) or the GLM (general linear model) approach of Kjellerup et al. (2012) . On the other hand, it is an empirical model, based on observations, and does not decompose the actual processes. Møller et al. (2016) have proposed a mechanistic model to account for the delay in egglaying that occurs at the start of the spring bloom for female C. finmarchicus in Disko Bay, West Greenland. Their model involves females incorporating some portion of the food they are ingesting into somatic tissue during the early bloom, with close to 100% fuelling egg production once females reach a threshold for body carbon content. Our interpretation is similar: females are immature during the early/pre-bloom period (low SC) and become fully mature as the bloom progresses (high SC). In Disko Bay, female body carbon increases from roughly 100 to 175 μg C f −1 during the early bloom period (mid-April to mid-May), while in the CLS female body carbon also increases between early and late May, from 135 to 186 μg C f −1
. In their study Møller et al. (2016) did not consider the late/post-bloom period, but during a second phytoplankton bloom in July 2008 their modelled EPRs were higher than measured values. This seems consistent with our observations of reduced SCs during late/post-bloom periods in the Labrador Sea, suggesting that seasonal reductions in food quality and/or female fecundity may also occur in Disko Bay.
We suggest that our empirical expression for estimating EPRs may be generally applicable, but that SCs will vary and must be determined for different study regions, by grouping experimental stations according to local spring bloom dynamics and sampling dates. Once determined, SCs may provide a new way of comparing how female reproductive performance varies in situ with season and among regions, or in the laboratory, for different foods and different female source populations. We anticipate that this approach will aid in explaining the observed variability in EPRs and in the development of improved population dynamics models and climatelinked predictions for the future distribution and abundance for C. finmarchicus in the North Atlantic.
C O N C L U S I O N S A N D R E C O M M E N D A T I O N S
During our investigation of potential sources of variability in EPR measurements for female Calanus finmarchicus we found that: (i) C. finmarchicus females from the Labrador Sea did not exhibit synchronous diel egg-laying behaviour in spring; (ii) some females were stimulated to spawn Fig. 13 . PEPRs (a) and seasonality adjusted predicted egg production rates (SEPR) (b) plotted versus measured egg production rates (MEPR) for female C. finmarchicus from stations along the AR7W section for all regions and half-months. within the first 6 h of incubation; and (iii) DCSs were lower for 24 h incubations than for those accumulated over 4 sequential 6 h incubation periods in~20-40% of experiments, due to egg loss for the former, rather than overstimulation of egg production for the latter.
Overall, we strongly recommend that Method B, or a similar time course method, be used to measure EPRs: (i) because it gives the lowest egg losses and can be used to quantify egg loss, if/when it occurs; (ii) because it enables recognition of synchronous diel egg-laying behaviour, if/ when it occurs; and (iii) because it gives measurements of TCS and TSF, which are more appropriate metrics than DCS and DSF, for understanding the process of egg production and for explaining and predicting EPRs.
Based on observations made here and elsewhere we have developed an empirical expression to estimate EPRs in terms of in situ temperature and chlorophyll concentration, time of year and female size for four regions in the Labrador Sea. For 100 experiments conducted between May and July over 15 years, predicted EPRs were highly correlated with measured EPRs, accounting for~56% of the variance. The remaining variance may be linked to differences in food composition and/or female fecundity at individual stations. These differences are seldom characterized in field studies, but their combined effects can be explored using our approach.
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